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ABSTRACT
Many applications use gonioapparent targets whose appearance
depends on illumination and viewing angles. Security and authen-
tication applications use optically variable devices, while coatings
with special effect pigments are used in automotive, decorative and
security coatings. This study focuses on how to characterize these
gonioapparent targets in a simple and effective way.
One of the methods for the characterization of such targets is the
so-called ”digital numerical analysis” (DNA), which transforms the
bidirectional reflectance distribution function (BRDF) to goniospec-
trometric space. This is done via the summation of spatially under-
sampled BRDF over all directions and repeating this for all wave-
lengths in the visible spectral range, which results in a 3D go-
niospectrometric space curve (also called xDNA curve). The char-
acterization capability of goniospectrometric space curves is first
tested with a commercial multi-angle spectrometer having two illu-
mination angles (45° and 15°) and 19 measurement angles (11 in-
plane and 8 off-plane angles). The goniospectrometric space curve
enables distinguishing between samples of different roughnesses,
an interference effect on various transparent layers, and selective
spectral absorption of light in differently thick pigmented coatings.
Based on these results, systematic analysis of the goniospectromet-
ric space curve is performed for optically complex samples; diffrac-
tion gratings, optically variable devices and coatings with special
effect pigments.
The BRDFs of the diffraction gratings are calculated by apply-
ing diffraction theory and then transformed into goniospectromet-
ric space using 6 in-plane angles and a 45° illumination angle. Grat-
ings with parallel sinusoidal grooves having periods of 0.3–5.0 µm
and amplitudes below 0.2 µm are analyzed. Goniospectrometric
space curves of diffraction gratings consist of lines with different
slopes and possible interconnections. The length of the xDNA curve
is directly connected to the grating period and the amplitude, and
the slope only to the former grating parameter.
The question regarding the angular and spectral resolution
needed for a goniospectrometric space curve is addressed by build-
ing a bidirectional spectrometer capable of measuring all azimuthal
angles and polar angles up to 60°, with a 2° step in both directions.
The bidirectional spectrometer is used to measure the full BRDFs of
diffraction gratings and optically variable devices, which are then
converted into goniospectrometric space. This study finds that the
goniospectrometric space curve performs adequately even with a
reduced spectral resolution of 10 nm. Furthermore, it finds that the
xDNA curve works best with ten measurement geometries, since
oversampling in the angular sense reduces the uniqueness of the
sample-specific goniospectrometric space curve.
Coatings with special effect pigments having specific parame-
ters needed for a systematic research are hard to prepare. Thus,
a numerical model for goniometric reflectance of these coatings is
developed. Parameters, such as different types of pigments, sur-
face coverage of pigments, pigment orientation distribution and
the coating’s substrate, are varied and the change in the reflectance
spectra is evaluated. Afterwards, spectra are transformed into a
goniospectrometric space curve and the obtained curve is analyzed
while varying the previously mentioned parameters. It is found
that the shape, position and orientation of the goniospectrometric
space curve reveal the optical makeup of the coating.
This study confirms that the goniospectrometric space curve can
be regarded as an appearance fingerprint of optically complex sam-
ples. Furthermore, it can be used with commercial hand held multi-
angle spectrometers that have reduced spectral resolution (10 nm
wavelength step) and small amounts of measurement geometries.
It is shown that measurement geometry using 10 reflected angles (6
in-plane and 4 off-plane) at a 45° illumination angle is suitable to
obtain a unique goniospectrometric space curve, that truly charac-
terizes the measured sample.
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1 Introduction
Surfaces that change their appearance significantly with illumina-
tion and viewing directions are becoming increasingly important
in several applications, ranging from the purely decorative up to
various functional and security purposes. The unique optical im-
pressions of optically complex surfaces provide eye-catching effects,
such as angle-dependent interference colors, pearl lustre, multiple
reflection and depth illusion, which are characteristic of the go-
nioapparent effect. A large variety of samples fall into this class,
giving angle-dependent effects due to
• surface effects originating in the topography of the micro- and
macro textures of surfaces, such as leather, textile and other
microtextured surfaces, including diffractive samples, and
• volume effects/optical effects coming from the inside of sam-
ples, caused by metallic, transparent, layered and surface-
structured flaky pigments (so-called special effect pigments)
applied in coatings, plastics and printing inks, which are mostly
used in automotive, decorative and security coatings.
The optical properties of gonioapparent samples range well beyond
solid color and cannot be described by any straightforward colori-
metric measurement. While advanced applications are becoming
more and more important, the appearance of such objects must be
described precisely, and produced in a predictable and controllable
way. This requires several conditions to be met, among them is the
possibility to predict the angular dependent appearance, to mea-
sure it with different levels of precision, and to document it in a
convenient way. A suitable evaluation metrics would be beneficial
for the comparison of similar samples.
The complexity of gonioapparent properties is best described
by the bidirectional reflectance distribution function (BRDF). It is
defined as the ratio between the radiance reflected from a surface
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element into a unit solid angle, and the incident irradiance on the
same surface element, for all possible illumination and viewing di-
rections [1, 2]. It can be measured by a bidirectional spectrometer,
an instrument with movable source of collimated light and movable
detector. In practice, the light reflected in many directions over the
entire hemisphere is measured for some selected illumination an-
gles. Such devices are capable of providing data for standards and
reference measurements [3–7].
The concept of BRDF was applied to describe the gloss of painted
samples [8], and to represent the measurements in the CIE 1976
color space (CIELAB), defined by the Commission Internationale de
l’Eclairage (CIE) [9]. Three-dimensional appearance characteriza-
tion showed that the standard reflection materials are non-Lambertian
reflectors at large illumination angles [10,11]. Systematic study has
shown that the curvature of the BRDF as a function of the viewing
angle of four common diffuse reflectance standards changes with
the illumination angle, but the variation is not the same for all the
standards [11]. This confirms that a perfectly reflecting diffuser can-
not be realized; moreover, the strong deviations from the properties
of an ideal diffuser lead to large inaccuracies in the luminance and
chromatic values of a measured sample [10]. BRDF concept was
also used for measuring and modeling of light reflected from pa-
per [12], in computer graphics for photo-realistic rendering [13], in
remote sensing field the BRDF concepts are applied for characteri-
zation of ground surfaces [14], and they are also used in the process
of the designing luminaries [15].
Measuring reflectance spectra in thousands of different
illumination–viewing combinations (called ”geometries” here for
simplicity) is not a very convenient method. Considerably lower
number of measuring geometries is urgent for everyday work, espe-
cially when portable equipments are used to control the production
or the products in situ. This requires shorter measurement time and
application of suitable evaluation metrics to compare the results of
similar samples. For this reason, much research has been done in
the past to define the necessary measuring geometries for coatings
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with different classes of special effect pigments. Straightforward
statistical analysis of BRDF data was done to reduce the massive
number of measurement geometries required to characterize the ap-
pearance of coatings with special effect pigments having a complex
directional appearance. The reduced number for the most complex
sample was reported to be 1485 [16]. This is far too many for practi-
cal purposes in applications. The smallest number of measurement
geometries sufficient to characterize gonioapparent samples is an
important practical issue because it dictates the design of multi-
angle spectrometers, which are useful to control the industrial prod-
ucts. Systematic research was performed to obtain this number for
several classes of gonioapparent samples; reflection measurements
under three different geometries were applied to characterize the
appearance for coatings with metallic flakes [17,18]. At least six ge-
ometries were reported to characterize more complex gonioappar-
ent materials with interference and/or diffraction effects [19], but
approaches with five in-plane geometries were also reported [20].
The colorimetric capabilities of some coatings with special effect
pigments were reported to be beyond MacAdam limits because of
their unique optical properties [21]; however, in-plane measuring
geometries are not sufficient for all complex optical phenomena.
Therefore, off-plane measurement geometries were added. Several
promising concepts were introduced to aid in the physical explana-
tion of the results [22, 23]. Flake-based parameters aid in the inter-
pretation of multi-angle reflection data of effect coatings with very
promising directions for further research [23]. Another approach
proposes separation of BRDF into spectral and geometrical contri-
butions; the concept was applied for better understanding of color
variation in coatings with special effect pigments [24]. According
to the best of our knowledge, there has been no research reported
on the required measuring geometry for diffractive samples.
Commercial spectrometers with 6 (BYK-Mac, BYK Gardner),
19 (MA98, X-Rite) and 98 (GK311/M, Zeiss) measuring geome-
tries exist. The latter of these is claimed to be sufficient for most
complex effect coatings [23]. These spectrometers are dedicated
Dissertations in Forestry and Natural Sciences No 203 3
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to monitoring the optical properties of coatings with special effect
pigments; therefore, they include the same 6 in-plane measuring
geometries but the additional geometries are typically different.
However, very little work was done on direct comparisons between
bidirectional- and multi-angle spectrometers, according to the best
of our knowledge.
Most research of BRDF concerns the visible spectral region which
provides direct input for colorimetric calculations. In most cases,
the data are in most cases represented as a matrix of spectral radi-
ance coefficients or in goniocolorimetric space as the bidirectional
color distribution function (BCDF) [9]. Another way to show the
measurements is by plotting it as an sRGB image using polar coor-
dinates [25]. As the BRDF data is challenging to represent, a polar
coordinate sRGB image for a single illumination angle is very easy
to understand and visually pleasing.
Another way to present BRDF data is to transform the mea-
sured reflectance data to the so-called goniospectrometric space,
which provides a sort of optical fingerprint of a sample. Such a
transformation was considered to be sufficiently simple for practi-
cal purposes and capable of providing information on the optical
composition of a sample [26–28]. The inventors called their cal-
culation method ”digital numerical analysis” (DNA), which gives
the xDNA curve. The second patent was assigned by X-Rite, Inc.,
who proposed the method with the MA98 multi-angle spectrometer
software that has 11 in-plane and 8 off-plane geometries; however,
independent scientific investigation of the method is lacking. This
includes testing the validity of the most important claims brought
forward by the authors:
• the 3Dmathematical representation of an undersampled BRDF
(called the xDNA curve) provides optical fingerprint of the
sample;
• xDNA curves of similar samples have similar shape but are
distinguishable in separable contributions; and
• the method greatly reduces the amount of data while preserv-
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ing all the attributes of the gonioapparent appearance.
The above mentioned claims were tested by applying three types of
optically complex samples:
a) diffraction gratings (DGs),
b) optically variable devices (OVDs), and
c) coatings with special effect pigments.
All the samples were provided from different sources, which means
that they are real and meaningful samples. The properties that were
not provided along the samples were analyzed applying conven-
tional methods.
Diffraction gratings were selected because their optical proper-
ties can be calculated at arbitrary illumination–detection direction
by applying diffraction theory [29]. This enabled the connection be-
tween the grating parameters and the goniometric reflectance, and
its transformation into goniospectrometric space, the xDNA curve.
The complex gonioapparent effect with strong angular and spec-
tral dependence can be obtained by optically variable devices
(OVDs) used for optical security elements [30]. A typical OVD con-
tains artwork of diffraction gratings with a period below a cou-
ple of micrometers, which is often combined with more complex
structures. They are best viewed in conditions enabling first-order
diffractions [30, 31]. Because they are, in general, diffractive by na-
ture, the theoretical results obtained from the analysis of diffrac-
tion gratings are expected to be a good basis for studies of OVDs.
Very little research can be found on the optical properties of OVDs.
It was reported, that the angular dependent appearance of OVDs
can be identified using a simple handheld optical microscope [32]
whereas spectral imaging enables differentiation between genuine
and counterfeit credit cards [33, 34]. No research has been found
yet in which the BRDF of an OVD was analyzed.
The third type of studied optically complex samples were coat-
ings with special effect pigments. Such coatings are one of the most
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commonly studied samples using goniospectrometric methods. We
have selected them to compare our results with those from the lit-
erature and developed a more advanced approach for evaluation
metrics. The most important types of such pigments are flakes
made from metallic or transparent materials in single or layered
forms, which provide reflection and/or scattering of light on inter-
faces [35–38]. The appearance of coatings with special effect pig-
ments depends on the type of pigment, its size, size distribution,
concentration, state of dispersion, orientation and orientation dis-
tribution [35, 36]. Many of these parameters are believed to be con-
trollable via coating technology. However, no systematic research
has been reported on the orientation of flakes, and its consequences
on appearance remain an interesting issue [39]. The lack of sys-
tematic research is due to the fact that it is not feasible to prepare
coatings with variable parameters of the coating according to an
arbitrary predetermined way. Instead, a suitable calculation model
for optical properties of effect coatings is required. It was built us-
ing the concepts known from the literature [40,41], to enable calcu-
lating the BRDF of an effect coating with a known type of flakes and
with arbitrary values of other coating parameters. The multi-angle
reflectance spectra (BRDF) were transformed into the goniospectro-
metric space to obtain the xDNA curves. In this manner, the em-
pirically based evaluation metrics, provided in some commercial
software, were analyzed.
The aim of this study was:
• to aid physical explanations in the goniospectrometric research
of the selected types of optically complex samples,
• to recommend a suitable calculation model for goniospectro-
metric reflectance of coatings with special effect pigments,
• to prove the three claims of the dynamic numerical analysis
concerning the xDNA curves,
• to answer questions about the spectral and angular resolu-
tions required for handheld multi-angle spectrometers,
6 Dissertations in Forestry and Natural Sciences No 203
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• to recommend some simple procedures to compare optical
properties of similar optically complex samples.
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2 Samples
This chapter introduces the samples used in this study: diffrac-
tion gratings, optically variable devices (OVDs) and coatings with
special effect pigments. It starts with an overall introduction of
the diffraction gratings and OVDs, along with a description of the
used samples. The second part of the chapter gives a theoretical
overview of coatings with special effect pigments, which is followed
by a description of different coatings used in this study.
2.1 DIFFRACTION GRATINGS AND OPTICALLY VARIABLE
DEVICES (OVDS)
Diffraction gratings are periodic structures that diffract light into
different directions. They have a single grating period and paral-
lel straight-line grooves; the latter can be either exposed or buried,
labeling diffraction gratings can then be labeled as overt or covert,
respectively (Fig. 2.1). Overt diffraction gratings can be prepared by
electroforming, etching or UV-diode laser ablation of a photoresist
layer. Because their structure is open, it is relatively easy to ana-
lyze their structure, using AFM for example. In contrast, the covert
diffraction gratings are made by alternating between a high refrac-
tive index material and polymer. Because their grating structure
is buried, it can not be analyzed with AFM measurements; their
period can often be measured with a confocal optical microscope,
which does not provide any information about the amplitude of
the grating or about the material used. Thus they are often used
as semi-transparent overlays laminated on top of a document as
security feature.
Dissertations in Forestry and Natural Sciences No 203 9
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substrate
(a) (b)
Figure 2.1: Schematic representation of (a) overt and (b) covert diffraction
grating. Also shown in the figures are grating period and amplitude.
There were five diffraction gratings used in this thesis; three of
them were overt and two were covert. Their descriptions along with
grating periods and amplitudes are gathered in Table 2.1. The overt
diffraction gratings were analyzed using AFM in order to obtain
their parameters: grating period and amplitude. Contrary, only the
period was obtained for covert diffraction gratings, using a confocal
optical microscope.
Table 2.1: Grating periods, type of the gratings and additional informa-
tion of the diffraction gratings used in this study.
sample period
(nm)
amplitude
(nm)
type additional info
DG1 350 covert semitransparent overlay lam-
inated on bare document
page *
DG2 750 180 overt electroformed
DG3 900 covert semitransparent overlay **
DG4 1000 120 overt etched
DG5 2500 40 overt etched
* high-security Optoseal overlay with zero-order diffractive device, Holo-
gram Industries (France), obtained in [30], Appendix, Figure A. 11.
** OVD Kinegram, Switzerland.
Main criteria for the selection of diffraction gratings was their
grating period, because it has the greatest influence on the reflectance
spectra and consequently on goniospectrometric space curve. Thus,
10 Dissertations in Forestry and Natural Sciences No 203
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the selected gratings have their periods ranging from 350 nm to
2500 nm. They are also of two types; covert and overt diffraction
gratings. The choice of two different types was done in order to
study if and to what extent does the grating type influence the re-
flectance spectra and the goniospectrometric space curve.
Combining a collection of custom-based diffraction gratings cre-
ates a diffractive optically variable image device (DOVID) or an
optically variable device (OVD). These are regarded as having the
most complex gonioapparent effect, with strong angular and spec-
tral dependence. Thus, they are commonly used as optical security
elements for brand protection and document security with gratings
forming a logo or some artwork. Their design is produced in or-
der to have identifiable first-order diffractions best observable with
point-source white light in non-specular conditions [30, 31].
Four OVDs were used in the paper IV; this thesis presents other
OVDs as well. Their descriptions are gathered in Table 2.2 and
their photographs are included as Appendix A. The selection of
the OVDs range from relatively simple ones, like OVD1, to highly
complex ones, like OVD3. The type of the OVDs also differs; some
are reflective while others are semitransparent overlays. The latter
ones were included to evaluate the influence of the substrate on the
reflectance spectra and the goniospectrometric space curve.
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Table 2.2: Description and size of the optically variable devices (OVDs)
used in this study.
sample size
(cm)
description
OVD1* 2×2

semitransparent overlay containing
geometrically organized patches of gratings
with a single periodOVD2* 3.5×3.5
OVD3** 7×7 reflective dot-matrix hologram containing
many diffractive security features
OVD4** 2.8×3.7 see-through foil with diffractive interferential
optically variable image structure, laminated
over the identification card
OVD5** 2.3×2.3 Exelgram made with electron beam lithogra-
phy
OVD6** 2.5×2.5 Vectorgram made with electron beam lithog-
raphy
OVD7** 5.6×5.6 Kinegram security device
OVD8** 2.1×2.1 Kinegram Secure Memory Card
OVD9** 2.6×2.6 Varimatrix hologram
OVD10** 2.4×2.9 HiMax OVD consisting of diffraction gratings,
”nanotext”, and ”nanologos”
OVD11** 2.4×2.9 BrandMax OVD consisitng of multiple optical
effects
OVD12** 2.9×2.9 Chromagram - embossed diffractive surface
coated with interference filter and pressed
over paper
OVD13** 2.3×2.3 Chromagram - paper coated with optically
variable adhesive
OVD14* 9×5.5
}
embossed transmissive holographic foil
OVD15* 8×5
OVD16*** 2.5×2.5 hot stamped reflective silver holographic foil
* Obtained from OVD Kinegram, Switzerland.
** Obtained from Appendix A in [30].
*** Obtained from Optaglio, Czech Republic.
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2.2 COATINGS WITH SPECIAL EFFECT PIGMENTS
2.2.1 Theoretical description of coatings with special effect pig-
ments
Coatings with special effect pigments are coating layers in which
special effect pigments are distributed within a transparent binder,
which is then coated over a substrate. A schematic representation
of such a coating is shown in Fig. 2.2.
Figure 2.2: Schematic representation of a coating with special effect pig-
ments. Some coatings can have an additional layer on top for increased
protection from the environments.
The size of flake pigments can vary, from a couple of microm-
eters to some hundred micrometers. Smaller flakes produce more
light scattered on the edges of the flakes than larger flakes do (Fig.
2.3). The shape of flakes can also vary due to different manufac-
turing processes (Fig. 2.4). The application of binder with effect
pigments onto the substrate can have great influence on the flake’s
orientation and its distribution (Fig. 2.5). If the latter is small,
the flakes are well oriented, and the coating has a glossy appear-
ance. If the flake’s orientation spread is large, the flakes are oriented
randomly, and the coating appears matte. Another important pa-
rameter when applying the coating is volume concentration; with
smaller values the effect of pigments becomes quite low, and the
reflectance from the coating’s substrate prevails.
Effect pigments can be classified into two groups; substrate-free
pigments and multilayer/substrate-based pigments. Pigments from
Dissertations in Forestry and Natural Sciences No 203 13
Nina Rogelj: Goniospectrometric analysis of optically complex samples
(a) (b)
Figure 2.3: Schematic representation of reflection from (a) large and (b)
small flakes. Smaller flakes produce more loss due to scattering on the
edges.
(a) (b) (c)
Figure 2.4: SEM images of (a) ”korn-like”-shaped aluminum, (b) ”silver
dollar”-shaped aluminum and (c) transparent pigments on the surface of
selectively etched coating [42], which removed the top layer of the binder.
(a) (b)
Figure 2.5: Schematic representation of coating with (a) small and (b)
large flake’s orientation spread.
the former group consist of only one optically homogeneous mate-
rial. By far the most important pigments of this group are metal ef-
fect pigments, which can be made from aluminum, copper, copper-
zinc alloys, zinc or other metals. The metallic effect is caused by
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the reflection of light at the surface of the pigment’s flake (Fig.
2.6a); they operate as little mirrors and reflect almost all incident
light. [35–38].
(a) (b) (c)
Figure 2.6: Schematic representation of reflection from different types of
pigments. (a) Specular reflection on metallic effect pigments, where almost
all incident light is reflected. (b) Transparent pigments reflect some of the
incoming light, and some they transmit, which produces the lustre effect.
(c) Layered pigments show colors caused by interference on thin layers
that make the flake pigment.
Another example of substrate-free effect pigments is transparent
pigments, with flakes that have a refractive index higher than that
of a coating. The pearl lustre effect produced with these pigments
is caused by partial reflection and partial transmission of light (Fig.
2.6b). Transparent pigments can be made either from natural pearl
essence; a silky, lustrous suspension from fish scales, or from ti-
tanium dioxide (TiO2). The former is very expensive, because it
cannot be synthetically produced and is almost exclusively used
only in expensive cosmetic applications. Titanium dioxide flakes
are rather porous and brittle because they lack the mechanical sup-
port of a substrate. Thus, they are not used in applications where
mechanical stress is induced. The thickness of these pigments vary
in range of 40–50 nm for natural pearl essence, and 200–500 nm for
titanium dioxide pigments [35, 37, 38].
Multilayer/substrate-based pigments have flakes with more than
one material. Two or more layers of materials with different re-
fractive indexes are used for multilayer pigments. In the case of
substrate-based pigments, the flakes have a core; a substrate made
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from mica, silica, alumina, or metal. The most common core was
natural mica, but substituting it with silica, SiO2, offers three ad-
vantages: (1) the thickness of the SiO2 can be more controlled, pro-
viding stronger interference color and smaller thicknesses (up to
50 nm); (2) since SiO2 is synthetically produced, it does not have
impurities which cause the slightly yellow tone of natural mica;
(3) the interference effect is stronger because SiO2 has lower refrac-
tive index than mica. Around the core is a layer (or layers) with
a refractive index different than that of the core one. This causes
interference on thin layers (Fig. 2.6c) and produces the color ef-
fect. Changing the thickness of flake’s layers changes the observed
color; therefore, it has a wide range of thicknesses available, from
a few tens of nanometers to a few hundreds of nanometers. The
most commonly used materials for the thin layer are Fe2O3 and
TiO2 [35, 37, 38].
2.2.2 Samples of coatings with special effect pigments
This study uses three sets of coatings with special effect pigments,
labeled as M-, L- and T-set. Additionally it also uses a represen-
tative from the coating with metal lustre pigments from a Merck
color card (Merck-Gruppe, Darmstadt, Germany), introduced in
Paper V. The coating contains interference Iriodin 4504 pigments
(Merck), which are mica-based flakes with a thin layer of iron (III)
oxide (Fe2O3). The pigments were dispersed in an acrylic binder
and coated on white paper. The specifications of the coating are
given in Table 2.3. The thicknesses of the core material and Fe2O3
were not available for this pigment; however, the percentage of each
material used in the pigment is specified by the producer. Thus,
the thicknesses were adjusted, using the percentage information, by
minimizing the color difference (CIE76) between the measured and
calculated reflectance factor (see Figure 4 and Table 2 of Paper V).
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Table 2.3: Specifications of the coating with Iriodin 4504 metal lustre pig-
ment: the materials of flakes, substrate and binder, the percentages of the
flakes materials and the corresponding thicknesses used for calculations.
The flakes are described as layer(s)/core/layer(s).
material(s) thickness(es)
flakes Fe2O3/mica/Fe2O3* 27.5%/45%/27.5%
74/121/74 nm
substrate white paper
binder acrylic pitch 600 µm
* Optical constants of mica layer were substituted by those of SiO2 for
calculations.
All five coatings from M-set are applied on aluminum substrate
and contain metal effect pigments: aluminum flakes. The flakes
differ in size, shape and orientation. When we compare M1 and
M2, we see that the first has pigments well-oriented parallel to the
coating surface, while M2 has randomly oriented pigments (Figs.
2.7a and 2.7b). M2 also has an appreciable amount of pigments
with damaged edges; in contrast, the M1 coating has almost cir-
cular shaped pigments with more or less smooth edges, so-called
”silver dollar” pigments. Coatings M3–M5, made for the automo-
tive industry, were obtained from three different manufacturers;
they were prepared for the same color shade of metallic automotive
coating. Aluminum pigments having different shape and size can
be seen in SEM images in Figures 2.7c–2.7e. The three coatings are
colorimetrically the same, meaning that their diffuse reflectance [42]
has very similar values.
There are five different coatings with layered effect pigments
in L-set; their specifications are gathered in Table 2.4. Since the
thickness data are not available for these pigments, the percentage
of each material used in the pigment, specified by the producer
(Merck-Gruppe, Darmstadt, Germany), is given in the said table.
The substrate for these coatings was white-coated aluminum with
a thickness of 100 µm and the binder was 150 µm thick acrylic pitch.
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(a) (b)
(c) (d) (e)
Figure 2.7: The SEM images for M-set coatings: (a) M1, (b) M2, (c) M3,
(d) M4 and (e) M5 coating with metal effect pigments.
Table 2.4: Specifications of the coatings with layered effect pigments, L1–
L5; type of pigments, the pigments materials and the percentage of those
materials. The flakes are described as layer(s)/core/layer(s).
pigment pigment materials % of materials
L1 Xirallic
T60-21
TiO2/SnO2/Al2O3/SnO2/TiO2 22/0.5/53/0.5/22
L2 Iriodin
7235
TiO2/SnO2/mica/SnO2/TiO2 34/0.5/32/0.5/34
L3 Iriodin
9103
TiO2/SnO2/mica/SnO2/TiO2 15/0.5/69/0.5/15
L4 Iriodin
9225
TiO2/SnO2/mica/SnO2/TiO2 25/0.5/49/0.5/25
L5 Iriodin
9502
Fe2O3/mica/Fe2O3 22/56/22
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All the coatings were manufactured in two versions; with and with-
out a cover layer; the latter was an acrylic pitch layer with a thick-
ness of 50 µm.
T-set of coatings is a set with 16 different coatings with layered
effect pigments, denoted here as T1–T16. Their specifications are
gathered in Table 2.5. Not much was known about these sam-
ples; therefore, energy-dispersive X-ray spectroscopy (EDS) was
performed on them in order to obtain the percentage of the ma-
terials used in the coatings.
Table 2.5: Specifications of the coatings with layered effect pigments, ob-
tained from Tikkurila (Finland); the pigments materials and the percent-
age of those materials, obtained by EDS measurements. The flakes are
described as layer(s)/core/layer(s).
materials percentage of each
material (%)
T1 TiO2/ZnO/SiO2/ZnO/TiO2 5/20.5/49/20.5/5
T2 TiO2/ZnO/SiO2/ZnO/TiO2 23/5/44/5/23
T3 TiO2/ZnO/SiO2/ZnO/TiO2 12.5/11/53/11/12.5
T4 ZnO/SiO2/ZnO 21/58/21
T5 ZnO/SiO2/ZnO 12/76/12
T6 ZnO/SiO2/ZnO 26/48/26
T7 ZnO/SiO2/ZnO 19/62/19
T8 ZnO/SiO2/ZnO 21.5/57/21.5
T9 ZnO/SiO2/ZnO 18.5/63/18.5
T10 ZnO/SiO2/ZnO 22.5/55/22.5
T11 ZnO/SiO2/ZnO 24/52/24
T12 ZnO/SiO2/ZnO 9/82/9
T13 ZnO/SiO2/ZnO 28/44/28
T14 ZnO/SiO2/ZnO 13/74/13
T15 Fe2O3/ZnO/SiO2/ZnO/Fe2O3 2.5/15/59/15/2.5
T16 Fe2O3/ZnO/SiO2/ZnO/Fe2O3 2.5/14/61/14/2.5
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This chapter starts with a short overview of the bidirectional re-
flectance distribution function (BRDF). Then it proceeds with a de-
scription of the measuring devices; a commercial multi-angle spec-
trometer and a custom built bidirectional spectrometer. Lastly, the
measuring geometries, used in this study, are introduced.
3.1 BIDIRECTIONAL REFLECTANCE DISTRIBUTION FUNC-
TION
The bidirectional reflectance distribution function (BRDF) is nor-
mally used to quantify the bidirectional reflectance measurements.
It is defined as the ratio of the reflected radiance Lr and the incident
irradiance Ei on the surface [1, 2]
fr(θi, φi, θr, φr) =
Lr(θi, φi, θr, φr)
Ei(θi, φi)
(3.1)
where incident (θi, φi) and reflected angles (θr, φr) are as defined in
Figure 3.1. Radiance Lr is the amount of radiant flux Φr, passing
through a unit projected area, per unit solid angle dΩr:
Lr =
dΦr
cosθrdAdΩr
(3.2)
with dA being the unit area. The latter along with the cosine term
gives the projected unit area, which is perpendicular to the direc-
tion of propagation. Irradiance Ei is the amount of radiant flux
passing through a surface per unit area:
Ei =
dΦi
dA
(3.3)
Combining Equations 3.2 and 3.3, and the assumptions that the
illuminations spot is small, we obtain the following equation for
BRDF:
fr(θi, φi, θr, φr) =
dΦr
dΦicosθrdΩr
(3.4)
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We can see that the BRDF represents the flux reflected per unit
projected solid angle [12, 41].
θ θr
dA
Ei d r
Φi
Φr
Figure 3.1: Geometry of a goniometric measurement.
Measurements of the BRDF can generally be divided into two
different procedures: and absolute and a relative one. The for-
mer measuring procedure uses Equation 3.4; the incident irradiance
and reflected radiance are measured separately by a single receiver.
The absolute BRDF measurements have severe requirements for the
instrument’s mechanics: the aperture area and distance must be
known, the detector should be able to be placed in the incident
beam with the sample taken out of the way, and it should be linear
over wide dynamic range [41].
Contrary, the relative BRDF measurements use a reference stan-
dard, which allows a simpler instrument design, since some of
the requirements of the absolute measurement procedure are al-
leviated. It also increases the speed of the measurements, but the
measurement accuracy is limited to that of the available standard.
Since the relative BRDF procedure does not include measurements
of the incident irradiance, reflectance factor R can be used [41]
R(θi, φi, θr, φr) =
dΦr(θr, φr)
dΦre f (θr, φr)
, (3.5)
where dΦre f (θr, φr) is radiant flux reflected by a perfectly reflecting
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Lambertian diffuser in exactly the same measurement conditions.
When BRDF is uniform, the collection angle has a very small solid
angle and incident irradiation is unidirectional, the reflectance an-
gle is related to BRDF as R = pi fr [9, 41].
3.2 MULTI-ANGLE SPECTROMETER
Multi-angle spectrometers are commonly used to control the optical
properties of samples. In this work, the X-Rite MA98, a portable
multi-angle spectrometer, was used, which enables 19 measurement
geometries. It measures 6 (-60°, -30°, -20°, 0°, 30°, 65°) and 5 (-60°,
-30°, 0°, 30°, 65°) in-plane angles, using 45° and 15° illumination
angles, respectively. The remaining 8 measuring geometries come
from off-plane angles, which are the same for both illumination
angles; θr = 50.1°, φr = ±33.4°, and θr = 45°, φr = ±90°. Mea-
surement geometry for in- and off-plane angles is shown in Figure
3.2. The spectra are in the 400–700 nm spectral region with 10 nm
wavelength steps. The measuring area of the device is 12 mm in
diameter and the measurement time for all 19 geometries is within
2 s. The MA98 software comes with an in-built xDNA algorithm.
3.3 BIDIRECTIONAL SPECTROMETER
In order to measure samples with higher angular and spectral res-
olution, a bidirectional spectrometer was built. The design and
evaluation of the device can be found in Paper III. Samples were
illuminated by a halogen lamp at θr = 45°and φr = 180° and mea-
sured at polar angles between 0° and 60° and all azimuthal an-
gles in 2° angular steps. Even though the incident angle could be
manually adjusted, it was set to 45° for all the samples measured
during this study. This was done to somehow limit the number of
changing parameters in measurements, while still using the inci-
dent angle normally applied in colorimetric measurements. Detec-
tion was done using a spectrometer Avantes AvaSpec-ULS2048XL
with a wavelength range of 200–1160 nm and resolution of 0.6 nm.
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=45oθr
=90oΦr
=45oθr
=-90oΦr
=50.1oθr
=33.4oΦr
=50.1oθr
=-33.4oΦr
Figure 3.2: Measurement geometry for X-Rite MA98 spectrometer, repli-
cated from [43].
The bidirectional spectrometer used automatically adjusting expo-
sure time in order to provide maximum signal dynamics. Mea-
surements were post-processed by subtracting environmental and
detector noise and normalized according to angle and wavelength
with 99% reflecting Spectralon, which served as a white reference.
3.4 MEASUREMENT GEOMETRIES
There are a number of measurement geometries used in this study,
which are denoted as G6, G10, G17, G26 and Gn; all of them have
the illumination angle θi = 45° (Table 3.1). Six in-plane measure-
ment geometries with θr equal to -60°, -30°, -20°, 0°, 30° and 65° are
denoted as a set of geometries G6. Also taking only in-plane angles,
is set G17, in which θr goes from -80° to 80° with 10° steps. G10
measurement geometry takes in and off-plane measuring angles of
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an X-Rite MA98 multi-angle spectrometer with only a 45° illumi-
nation angle (see Figure 9a of Paper IV and chapter 3.2). Another
geometry that includes off-plane angles is G26. Here, in-plane an-
gles are the same as for G6 geometry, and off-plane angles are set
at 20° and 40° polar angles, with the azimuthal direction going
from ±30° to ±150° with 30° steps. When all angles that can be
measured using the bidirectional spectrometer, are taken into ac-
count, we denote the measurement geometry as Gn. Here, polar
angles from 0° to 60°, and all azimuthal angles, both with angle
steps of 2°, are included; only angles around specular reflection are
excluded.
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Table 3.1: Measurement geometries, all having the same illumination an-
gle: θi = 45°. Gn measurement geometry includes θr = 0°: 2°: 60°, and
φr = −180°: 2°: 180°, excluding the angles around specular reflection.
G6 G10 G17 G26
θr φr θr φr θr φr θr φr
-60° 0° -60° 0° -80° 0° -60° 0°
-30° 0° -30° 0° -70° 0° -30° 0°
-20° 0° -20° 0° -60° 0° -20° 0°
0° 0° 0° 0° -50° 0° 0° 0°
30° 0° 30° 0° -40° 0° 30° 0°
60° 0° 60° 0° -30° 0° 60° 0°
50.1° 33.4° -20° 0° 20° 30°
50.1° -33.4° -10° 0° 20° 60°
45° 90° 0° 0° 20° 90°
45° -90° 10° 0° 20° 120°
20° 0° 20° 150°
30° 0° 20° -30°
40° 0° 20° -60°
50° 0° 20° -90°
60° 0° 20° -120°
70° 0° 20° -150°
80° 0° 40° 30°
40° 60°
40° 90°
40° 120°
40° 150°
40° -30°
40° -60°
40° -90°
40° -120°
40° -150°
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This chapter introduces the numerical models used in the study.
Firstly, the numerical model for diffraction gratings is discussed.
Secondly, the numerical model for coatings with special effect pig-
ments is presented in details. And lastly, the calculations of go-
niospectrometric space curve are explained.
4.1 NUMERICAL MODEL FOR DIFFRACTION GRATINGS
The appearance of holographic structures is changed when their
illumination angle and/or viewing angle are changed. This is a
result of interference. However, regardless of whether a simple
diffraction grating, or a complex OVD, which consists of diffrac-
tion grating patches, is under consideration, the theory behind the
angle-dependent appearance is the same. The effect is best ob-
served by illuminating the structure with a period smaller than
the coherence length of visible light (a couple of micrometers) us-
ing white light, with the plane of incidence perpendicular to the
grooves of the periodic structure. The diffracted light follows the
grating equation [44]:
p = mλ/(sin θi + sin θm), (4.1)
where p is the grating period, θi the incident angle, θm the diffrac-
tion angle, λ is the wavelength, and m is the order of the diffraction.
The latter is positive when the diffraction angle is greater than the
incident angle; the specular reflection yields m = 0; otherwise, the
diffraction order is negative (Fig. 4.1). The incident angle is always
taken to be positive, while the diffraction angle is positive, if it ap-
pears on the other side of the normal than the incident angle [44].
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m=0
m>0
m<0
>0 <0mm
Figure 4.1: Notation of illumination (θi) and diffraction (θm) angles and
diffraction order (m).
The intensity of the diffracted light consists of interference on
the periodic structure and on the diffraction of light traveling from
the light source to the sample and then to the detector/observer. It
is expressed with the Fraunhofer diffraction integral [29]:
U(ξ) =
e(ikz0)e(ikξ
2/2z0)
iλz0
∫ ∞
−∞
U(x)rect(
x
2w
)e(−ikxξ/z0)dx (4.2a)
U(x) =
e(ikz0)e(ikx
2/2z0)
iλz0
f (x)
∫ s2
s1
U0e(−ikxs/z0)ds (4.2b)
f (x) = e(ikna(1+sin(2pix/p))) (4.2c)
Parameters used in this numerical model are noted in Fig. 4.2, the
model itself is described in greater detail in Paper II.
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s ξ
x
z
s1s2 S Pξ ξ21
U(S) = U0 U(P) = U(  )ξ
z0
U(x) 
θi θr
Figure 4.2: Diffraction grating lies in plane x. It is illuminated at θi from
plane s and measured at θr in plane ξ.
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4.2 NUMERICAL MODEL FOR COATINGS WITH SPECIAL
EFFECT PIGMENTS
The numerical model presented in this section describes a scattering
of light that impinges on a coating with special effect pigments [40,
41]. There are three parts of scattering that have to be incorporated
in the model (see Fig. 2.2):
• scattering from the front surface of the sample; facet model
• scattering from effect pigments inside the sample; flake model
• scattering from the substrate; base model
The Stokes vector for scattering from the whole sample is thus
described as:
S = (FfacetG(θi, θr) + FflakeG(θ′i , θ
′
r) + F
base)S0 (4.3)
where S0 is the Stokes vector of the incident light, Fmodel is the
Mueller matrix BRDF for specific model, and G is the geometrical
attenuation factor. The latter accounts for masking and shadow-
ing of the light at large reflection angles and is defined by a set of
formulas gathered in Equation 4.4 and Table 4.1 [45]:
G(θi, θr) = 1− (1−
√
(1− A(θi, θr)2))/A(θi, θr) (4.4a)
A(θi, θr) =
sin2 θr − cos2(θr/2− θi/2)
cos2(θr/2− θi/2)− cos(θr − θi)sin2θr (4.4b)
where θi represents the incident angle, and θr the reflected an-
gle. For the facet model, the geometrical attenuation factor, G, in
Equation 4.3, is taken as it is; for the flake model, the incident and
reflected angle, θi and θr, are replaced with θ′i and θ
′
r.
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incident angle θi reflection angle θr equation
−pi
2
≤ θr ≤ θi − pi3 Eq. 4.4
0 ≤ θi ≤ pi4
θi − pi
3
≤ θr ≤ θi + pi3 G(θi, θr) = 1
θi + pi
3
≤ θr ≤ pi2 Eq. 4.4
pi
4
≤ θi ≤ pi2
−pi
2
≤ θr ≤ −θi Eq. 4.4
−θi ≤ θr ≤ θi − pi3 Eq. 4.4 with θi and
θr interchanged
θi − pi
3
≤ θr ≤ θi + pi3 G(θi, θr) = 1
θi + pi
3
≤ θr ≤ pi2 Eq. 4.4
Table 4.1: Equation for calculating geometrical attenuation factor,
G(θi, θr).
4.2.1 Facet model
The facet model describes scattering from the front surface of the
sample and is often referred to as the specular point theory in lit-
erature. Light is impinging the sample at an incident angle, θi, in
respect to the mean surface normal. Reflected light is characterized
by the reflected polar angle, θr, and the reflected azimuthal angle,
φr. The local incident angle onto a facet, l, is defined as:
cos l =
√
1− sin θi sin θr cos φr + cos θi cos θr
2
(4.5)
The facet is assumed to be tilted at an angle θn, the cosine of
which is determined as:
cos θn =
cos θi + cos θr
2 cos l
(4.6)
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Because the cosine is invariant to negative angles, we have to specify
the sign of θn:
θn =
{
+θn if θr < θi
−θn if θr > θi
(4.7)
The facet can also be tilted in the azimuthal direction; the facet
azimuthal tilt angle also needs to be defined
tan φn =
− sin φr sin θr
cos φr sin θr − sin θi (4.8)
The slope of the facet, ζ, is also sometimes of interest; it is defined
as a tangent of the facet tilt angle
ζ = tan θn =
√
sin2 θi + sin2 θr − 2 sin θi sin θr cos φr
cos θi + cos θr
(4.9)
The Mueller matrix BRDF, Ffacet, for scattering from the front
surface of the sample is computed as:
Ffacet =
P(θn, θ0, σ)
4 cos θi cos θr cos θn
Mfacet (4.10)
where P(θn, θ0, σ) is the orientation distribution function. It can be
described by many functions, and there is no clear preference for
which is the best. In this thesis, the orientation distribution function
used is logistic distribution with the mean facet tilt angle of θ0 and
standard deviation σ:
P(θn, θ0, σ) =
exp (− θn−θ0σ )
σ(1+ exp (− θn−θ0σ ))2
C (4.11)
The C parameter in the equation is the fraction of the surface area
covered by facets. Because the front surface covers the whole sam-
ple, the facet model is always computed using C = 1.
The Mueller matrix Mfacet is derived from the Jones matrix,
Jfacet, using the transformation
M = UJ⊗ J∗/U (4.12)
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with U being the transformation matrix given as
U =
1√
2

1 0 0 1
1 0 0 −1
0 1 1 0
0 i −i 0
 (4.13)
The Jones matrix, Jfacet, has the following elements:
q f acet11 = rp(l) sin θi sin θr sin
2 φr + a2a3rs(l)/a1 (4.14a)
q f acet12 = − sin φr[a2rp(l) sin θr − a3rs(l) sin θi]/a1 (4.14b)
q f acet21 = − sin φr[a3rp(l) sin θi − a2rs(l) sin θr]/a1 (4.14c)
q f acet22 = rs(l) sin θi sin θr sin
2 φr + a2a3rp(l)/a1 (4.14d)
where rp and rs are reflection coefficients for air/binder interface
for p and s polarization and coefficients ai are described as:
a1 = sin2(2l) (4.15a)
a2 = cos θi sin θr + sin θi cos θr cos φr (4.15b)
a3 = sin θi cos θr + cos θi sin θr cos φr (4.15c)
4.2.2 Flake model
Scattering from pigments inside a binder is regarded similarly to
the facet model. It is necessary to take into account the refraction
and the fact that pigments do not cover the entire sample area, but
only a part of it. A simplified schematic of light scattering on flakes
inside a coating is presented in Figure 4.3. Incident and reflected
angles inside the coating are computed using Snell’s law:
nbinder sin θ′ = nair sin θ (4.16)
where nbinder and nair are refractive indices for the binder and air,
respectively.
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Figure 4.3: Simplified schematic of light scattering on flakes inside a
coating.
Local incident angle onto a flake, l′, is defined as:
cos l′ =
√
1− sin θ′i sin θ′r cos φr + cos θ′i cos θ′r
2
(4.17)
and the flake tilt angle can be determined through following equa-
tion:
cos θ′n =
cos θ′i + cos θ
′
r
2 cos l′
(4.18)
As with the facet tilt angle, care must be taken with the sign of the
angle because of cosines invariance. Equation 4.7 is re-used with
the appropriate flake tilt angle, instead of the facet tilt angle. The
azimuthal direction of flake tilt angle, tan φ′n, and slope of the flake,
ζ ′, are defined similarly as for facet case:
tan φ′n =
− sin φ′r sin θ′r
cos φ′r sin θ′r − sin θ′i
(4.19)
ζ ′ = tan θ′n =
√
sin2 θ′i + sin
2 θ′r − 2 sin θ′i sin θ′r cos φr
cos θ′i + cos θ′r
(4.20)
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Mueller matrix BRDF, Fflake, for scattering from flakes inside a
coating is computed as:
Fflake =
P(θ′n, θ′0, σ′) n2binder
4 cos θi cos θr cos θ′n
Mflake (4.21)
The orientation distribution function, P(θ′n, θ′0, σ′), is computed us-
ing Equation 4.11 with appropriate flake tilt angle, θ′n, mean flake
tilt angle, θ′0, and distribution variance, σ′. C parameter from the
equation plays a more important role in the flake model. If it is
equal to 1, the whole sample is covered with flakes. If there are
no flakes inside a coating, the parameter will be zero. The flake
size and volume concentration are directly related to the surface
coverage parametrized by C.
The Mueller matrixMflake is derived from the Jones matrix Jflake
with the following elements:
q f lake11 = ts(θi)ts(θr)[r
′
p(l
′) sin θ′i sin θ
′
r sin
2 φr + a′2a′3r′s(l′)]/a′1
(4.22a)
q f lake12 = −ts(θi)tp(θr) sin φr[a′2r′p(l′) sin θ′r − a′3r′s(l′) sin θ′i ]/a′1
(4.22b)
q f lake21 = −tp(θi)ts(θr) sin φr[a′3r′p(l′) sin θ′i − a′2r′s(l′) sin θ′r]/a′1
(4.22c)
q f lake22 = tp(θi)tp(θr)[r
′
s(l
′) sin θ′i sin θ
′
r sin
2 φr + a′2a′3r′p(l′)]/a′1
(4.22d)
where r′p and r′s are reflection coefficients for the binder/flake inter-
face for p and s polarization, and tp and ts are transmission coeffi-
cients for the air/binder interface for p and s polarization. Coeffi-
cients a′i are described as:
a′1 = sin
2(2l′) (4.23a)
a′2 = cos θ′i sin θ
′
r + sin θ
′
i cos θ
′
r cos φr (4.23b)
a′3 = sin θ′i cos θ
′
r + cos θ
′
i sin θ
′
r cos φr (4.23c)
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4.2.3 Base model
The base model incorporates scattering from the substrate. Accord-
ing to this model, light can take four different paths on its way
through the coating towards the substrate and back. The paths,
along with the corresponding angle notations are schematically rep-
resented in Figures 4.4 and 4.5, and expressed as:
1. transmission through pigments, diffuse reflection from the
substrate, transmission returning through pigments
2. transmission through the binder (no crossing of pigments),
diffuse reflection from the substrate, transmission returning
through pigments
3. transmission through pigments, diffuse reflection from the
substrate, transmission returning through binder (no crossing
of pigments)
4. transmission through the binder (no crossing of pigments),
diffuse reflection from the substrate, transmission returning
through the binder (no crossing of pigments)
substrate
air
binder
path 1 path 3path 2 path 4
Figure 4.4: Schematic representation of the four different paths the light
can follow when undergoing scattering from the substrate. For simplicity,
only four flake pigments are drawn.
Besides the described four paths, incorporated in the base model,
the light can also take other paths on its way through the coating
towards the substrate and back. For example, the light can traverse
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Figure 4.5: Schematic representation of angles used in the base model.
Only the fourth path is shown. For other three paths, the angles are the
same; we only add pigment on the corresponding side(s).
through the pigment, reflects from the substrate, then reflects from
the pigment, reflects again from the substrate, and traverses either
through a pigment or the binder before exiting the coating. This
multiple reflection component represents only a very small portion
of the overall reflection, therefore it is not included in the numerical
model.
The first path will always occur to some extent, being the only
possible path in the case of complete coverage (C = 1), whereas the
other three can occur only if C < 1. Mueller matrices BRDF for the
four different paths are computed as:
Fpath1 =
P(θ′n, θ′0, σ′) n2binder
4 cos θi cos θr cos θ′n
Mpath1 (4.24a)
Fpath2 =
P(θ′n, θ′0, σ′) n2binder
4 cos θi cos θr cos θ′n
(1− C)Mpath2 (4.24b)
Fpath3 =
P(θ′n, θ′0, σ′) n2binder
4 cos θi cos θr cos θ′n
(1− C)Mpath3 (4.24c)
Fpath4 = (1− C)2Mpath4 (4.24d)
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and the Mueller matrices are computed from the Jones matrices:
Jpath1 =
 q
f lake
11 t
′
s(l′)2 q
f lake
12 t
′
s(l′)t′p(l′)
q f lake21 t
′
s(l′)t′p(l′) q
f lake
22 t
′
p(l′)2
 (4.25a)
Jpath2 =
q
f lake
11 t
′
s(l′) q
f lake
12 t
′
p(l′)
q f lake21 t
′
s(l′) q
f lake
22 t
′
p(l′)
 (4.25b)
Jpath3 =
q
f lake
11 t
′
s(l′) q
f lake
12 t
′
s(l′)
q f lake21 t
′
p(l′) q
f lake
22 t
′
p(l′)
 (4.25c)
Jpath4 =
ts(θi)ts(θr)r
′′
s (l′) 0
0 tp(θi)tp(θr)r′′p(l′)
 (4.25d)
where r′′s and r′′p are reflection coefficients for the interface binder-
substrate.
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4.3 GONIOSPECTROMETRIC SPACE CURVE
The goniospectrometric space curve, also known as the xDNA curve,
is a 3D graph that is capable of providing information about the
optical composition of a sample and is considered sufficiently sim-
ple for practical purposes [26, 27]. The special mathematical trans-
formation of BRDF data was termed ”digital numerical analysis”
(DNA), and it results in an xDNA graph. It is a simple represen-
tation of the BRDF data with the number of measurement geome-
tries adjusted as desired. The goniospectrometric space curve is
obtained via the summation of BRDF data over all measurement
geometries:
xDNA = Rµ (4.26)
where R is an k × n matrix with spectral data; k is the number of
wavelengths λ, and n counts viewing directions. xDNA is an k× 3
matrix and µ is an n× 3 matrix of viewing directions expressed as:
µx = sin ϕas sin ϕaz (4.27a)
µy = sin ϕas cos ϕaz (4.27b)
µz = cos ϕaz (4.27c)
where ϕas and ϕaz are aspecular and off-plane angle, respectively.
Axes are oriented as shown in Figure 4.6b; the z-axis is oriented in
the specular direction, the y-axis lies in the plane of incidence and
the x-axis is perpendicular to them.
The resulting xDNA graph is, in general, a 3D curve. If there
are no off-plane reflections, the xDNA curve is two-dimensional,
extending only in the (y, z) plane. Schematic representation of
the calculation for one wavelength, giving one point in the xDNA
curve, is shown in Figure 4.6 and a simplified calculation for a two-
dimensional xDNA curve from reflectance spectra is shown in Fig-
ure 4.7.
DNA transformation uses angles expressed in xDNA coordi-
nates. Thus, we need the connection between those angles (ϕas, ϕaz)
and angles in spherical coordinates (θi, θr, φr). The connection is vi-
sually represented in Figure 4.8. Aspecular angle ϕas for in-plane
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illumination
specular 
reflection
(a)
y z
x x
(b)
Figure 4.6: (a) Reflection for one wavelength at 6 angles marked as blue
lines with length representing the intensity in the given direction. Illu-
mination and specular direction are marked in purple. (b) After xDNA
transformation a single point (marked by blue star) is obtained in go-
niospectrometric space. Also marked on the graph are coordinates; axes x,
y and z.
(a) (b)
Figure 4.7: (a) Reflectance spectra for 6 viewing angles, with marked
wavelength points (b) and its corresponding xDNA curve. Color points
on xDNA curve match in color the wavelength points in (a).
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angles can be simply expressed as [18]:
ϕas = θi + θr (4.28)
where θi is the incident angle and θr thereflected polar angle. For
off-plane angles, the transformation is expressed as a set of equa-
tions:
a = sin θi + tan ϕas cos ϕaz cos θi (4.29a)
b = tan ϕas sin ϕaz (4.29b)
c = cos θi + tan ϕas cos ϕaz sin θi (4.29c)
θr = arctan(b/a) (4.29d)
φr = arccos(c/
√
a2 + b2 + c2) (4.29e)
θ θr
r
φas
Figure 4.8: Description of detection direction for illumination at θi. It
is presented in a polar coordinate system with polar (θr) and azimuthal
angles (φr) and with American Society for Testing and Materials (ASTM)
notation by aspecular (ϕas) and azimuthal angles (ϕaz).
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5 Results
In this chapter, we present the summarized results of the goniospec-
trometric space curves for different samples. We start with some ex-
emplary samples and continue with the goniospectrometric space
curves of diffraction gratings and optically variable devices (OVDs).
Finally, the goniospectrometric space curves of coatings with spe-
cial effect pigments are described.
5.1 GONIOSPECTROMETRIC SPACE CURVEOF EXEMPLARY
SAMPLES
The ability of goniospectrometric space curves to present the opti-
cal fingerprint of measured samples is the main topic of Paper I.
It presents xDNA curves of differently smooth bulk samples and
of samples with differently thick surface layers prepared from the
same material. All examples in this chapter were measured us-
ing an X-Rite MA98 multi-angle spectrometer using all the avail-
able measuring geometries; two illumination angles (θi = 45° and
θi = 15°) and 19 measuring angles (see chapter 3.2), denoted here
as geometry G19.
The influence of surface roughness/smoothness was analyzed
using differently rough silicon wafers, from which light reflects
only from the surface. Polished silicon wafer acts as a metallic mir-
ror that reflects practically all light in the specular direction and as
a consequence its xDNA curve is essentially a point located almost
at the origin of the goniospectrometric space (Fig. 5.1). Unpolished
silicon wafers have the highest reflectance at specular direction but
opposite to the polished silicon wafer; other directions, especially
near the specular direction, also reflect. This results into a line
in the goniospectrometric space (Fig. 5.1). The orientation of the
line shows diminishing reflectance with a wavelength in all mea-
surement geometries. The greater roughness of silicon results in
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larger absolute y values, since there is more light reflected outside
the specular reflection. x values are related to off-plane measuring
directions; flakes with smoother edges reflect more in those direc-
tions, which results in bigger x values.
Figure 5.1: xDNA curves of polished and unpolished silicon wafers for
G19. The latter are labeled as A, B and C for having the lowest to greatest
amount of roughness, respectively.
Similarly to silicon wafers, white paper also has little spectral
dependence in the visible part of the spectrum. Double-side coated
white paper, which was used here, has one side calendered to
a smooth and glossy surface, and the other, uncalendered, looks
matte. xDNA curves for both sides of the paper look similar (see
Figure 7 of Paper I); there is almost no reflection in off-plane di-
rections, resulting in negligible x values. In contrast, the yz plane
gives line-shaped xDNA curves, which are parallel for the calen-
dered and uncalendered sides of the white paper. The length of the
xDNA curves depends on the roughness; a lower roughness results
in a longer xDNA curve.
From the bulk samples, we move to samples with differently
thick layers; transparent interference layers. Silicon nitride was de-
posited on the polished silicon wafer in different thicknesses; 220
nm, 390, and 635 nm. The xDNA curve for these samples is a loop
in the yz plane and practically a line in the xz plane. The latter is a
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result of very small reflectance in the off-plane angles. The number
of interference peaks in reflectance spectra (see Figure 8 of Paper I)
corresponds to the number of loops in the xDNA curve.
(a) (b)
Figure 5.2: (a) xDNA curves in yz and (b) xz projections for silicon
nitride films using G19. The thickness is labeled next to the curves in nm.
xDNA curves in both graphs are split horizontally (on the y/x axis) for
clarity.
Another example of an interference layer was prepared as a
clear varnish with a thickness between 0.12 and 0.29 µm, applied on
a black and white matte cardboards. The interference colors are al-
most invisible on the white cardboard; on black paper, the thinnest
layers give blue and the thickest give yellow-gold color. An inter-
ference layer on the black substrate produces a loop in the xDNA
curve (Fig. 5.3), as a result of one interference peak in reflectance
spectra (see Figure 9 of Paper I). This is consistent with the results
for silicon nitride on a polished silicon wafer. The white cardboard
reflects more in comparison to the black one, producing a smaller
interference peak. As a result, the xDNA curve is a line, character-
istic of white paper, with a loop, characteristic for an interference
layer.
For comparison, pigmented coatings with similar thicknesses as
the interference layers were measured. The magenta offset ther-
mochromic ink was applied on the glossy side of white paper in
thicknesses between 120 and 440 nm with an 80 nm step. The se-
lective absorption of the magenta ink increases with thickness, pro-
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(a) (b)
Figure 5.3: (a) xDNA curves in yz and (b) xz planes as measured for
thin varnish layers on black and white cardboards using G19. The xDNA
curves of the black and white cardboard are also shown.
ducing a deeper color. Since there is no interference, the resulting
xDNA curves are parallel lines, similar to that of the white paper.
Differing from the latter, the xDNA curve of magenta ink has an
additional flat loop due to spectral absorption, that increases with
a layer’s thickness.
Figure 5.4: xDNA curves for thin layers of the magenta ink printed on
white glossy paper using G19. Layer thicknesses are labeled in the legend
in nm.
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Analysis of exemplary samples was crucial in order to confirm
that the goniospectrometric space curve could serve as an appear-
ance fingerprint. The characteristic shapes of xDNA curves in all
optically similar samples appear consistently. Differently rough
samples of the same material could be distinguished using xDNA
curves. The method could also be used to detect the existence of
a transparent layer with thickness beyond the coherence length of
white light. Paper I opened the door for a systematic research of
goniospectrometric space curve of diffraction gratings, OVDs, and
coatings with special effect pigments.
Dissertations in Forestry and Natural Sciences No 203 47
Nina Rogelj: Goniospectrometric analysis of optically complex samples
5.2 GONIOSPECTROMETRIC SPACE CURVE OF DIFFRAC-
TIVE SAMPLES
Papers II and IV present the goniospectrometric space curve of
diffractive samples; diffraction gratings and optically variable de-
vices (OVDs). There are a number of parameters that can be varied,
such as spectral and angular resolution, amplitude and grating pe-
riod. These two papers explore how these parameters affect the
xDNA curves.
5.2.1 Effect of spectral resolution
First, the effect of spectral resolution on goniospectrometric space
curves was evaluated; xDNA curves for samples having wavelength
steps of 1 and 10 nm were compared. In both cases, the xDNA
curves had practically the same shape with the xDNA curve for
1 nm spectral resolution having more points. Paper II confirmed
this result theoretically while Paper IV used measurements of a
simple diffraction grating DG2, with a grating period of 750 nm,
and a more complex OVD sample OVD1 (see Fig. A.1), having
4 different grating periods. Both samples are described in greater
detail in Paper IV. Figure 5.5 shows xDNA curves obtained with 10
and 1 nm wavelength steps for DG2 and OVD1. The results reveal
that the goniospectrometric space conversion can be done using
lower spectral resolution, since most optical properties of diffractive
samples are described with it. Therefore, in the rest of this thesis,
the 10 nm wavelength step will be used.
5.2.2 Dependence on grating amplitude
Dependence on the amplitude of the diffraction gratings was eval-
uated using theoretical reflectance spectra in Paper II. Phase shift
f (x), which occurs at the sample surface, is defined by the grat-
ing amplitude (Eq. 4.2c). Consequently, a larger grating amplitude
results in higher reflectance. Similarly, it results in a larger xDNA
curve. Figure 5.6 shows xDNA curves obtained for diffraction grat-
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(a) (b)
Figure 5.5: Comparing xDNA curves for spectral resolution of 10 nm
(green symbols) and 1 nm (black symbols) for (a) a diffraction grating
DG2 with a grating period of 750 nm for G6, and (b) a more complex
sample OVD1, having 4 grating periods, ranging from 666 nm to 3080
nm for G10.
(a) (b)
Figure 5.6: xDNA curves for diffraction gratings with a grating period
3.5 µm and an amplitude range of (a) 0.02 to 0.10 µm, and (b) 0.12 to
0.20 µm. The amplitude values are specified in the graphs, in µm. All
xDNA curves emerge from (0,0) but are split vertically (on the z-axis) for
clarity. The reader should pay attention to the different y scales of the two
graphs. The geometry applied is G6.
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ings having a grating period of 3.5 µm and amplitude ranging from
0.02 to 0.2 µm. When amplitude decreases, the xDNA curve shrinks
to just a point at y = z = 0. This describes a flat surface, such
as a polished silicon wafer (see Fig. 5.1). At amplitude values
smaller or equal to 0.1 µm, two lines are obtained in the xDNA
graph, corresponding to two diffractions occurring at θr = −60°
and θr = −30° (see Figure 3 of Paper II). When the amplitude is
larger than 0.1 µm, the xDNA curve becomes more distinct due to
two additional diffractions at θr = −20° (see Figure 4 of Paper II).
5.2.3 Dependence on grating period
The spectral position of the diffraction is determined by the grating
period. Bigger period shifts the diffraction peaks towards larger
wavelengths. Fig. 5.7 shows xDNA curves for diffraction gratings
with an amplitude of 0.03 µm and grating periods ranging from 0.4
to 4 µm. Amplitude was chosen so that only first order diffractions
are relevant. This means that the reflectance spectra of diffraction
gratings are transformed into a line emerging from (0, 0). The slope
of the line is related to the diffraction angle, and its length to the
intensity of the diffraction.
The relation between slope of the xDNA curve and the aspecu-
lar angle at which the diffraction occurs has been analyzed in Paper
II and Paper IV. xDNA curves of diffraction gratings with ampli-
tude of 0.03 µm and 18 different periods ranging from 0.35 to 5 µm
were calculated for G6 measurement geometry and for 32 reflection
angles from −80° to 80°, with 5° step and excluding specular re-
flection at 45°. Figure 3 of Paper IV shows the relation between the
slope of the obtained diffraction lines and aspecular angle at which
the diffraction occurs. A similar graph is also shown as Figure 10
of Paper II, where the grating period range was smaller (between
1 and 3.5 µm). There is an almost linear correlation between slope
and aspecular angles, with a local minimum at larger aspecular an-
gles.
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Figure 5.7: xDNA curves in dependence on grating period marked next
to the curves in µm and with amplitude of 0.03 µm. All xDNA curves
emerge from (0, 0) but are split vertically (on the z axis) for clarity. The
geometry applied is G6.
The theoretical correlation between slope and aspecular angles
was confirmed with measurements presented in Paper IV. Five
diffraction gratings with periods ranging from 350 to 2500 nm were
measured, and their reflectance spectra were transformed to go-
niospectrometric space. The correlation between the slope of xDNA
lines and the aspecular angle is in accordance with theoretical cal-
culations. These results confirmed that the xDNA graph is indeed
a unique representation of the diffraction grating for the case of G6
measurement geometry. The grating period of the sample can be
obtained from the slope of the xDNA curve, with the use of the
correlation between slope and aspecular angle.
5.2.4 Influence of angular resolution
The influence of angular resolution was shown for theoretical cal-
culations comparing G6 and G17 measurement geometries in Paper
II, and for measurements in Paper IV comparing G6 and G10 for
diffraction gratings and OVDs, respectively, with measurement ge-
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ometries G26 and Gn. Comparisons are shown in Figures 5.8–5.10.
(a) (b)
Figure 5.8: Dependence of xDNA curves of gratings with amplitude
0.03 µm on period (indicated in the legend in µm) calculated for (a) G6
and (b) G17 measurement sets. All xDNA curves emerge from (0,0) but
are split vertically (on the z-axis) for clarity.
(a) (b)
Figure 5.9: (a) The xDNA curve of DG2 in the G6 and G26 measurement
geometry and (b) in Gn measurement geometry.
In all cases, it was shown that more diffractions obtained with
more geometries results in a higher number of interconnections be-
tween diffraction lines (lines representing spectrally isolated diffrac-
tions) in the xDNA graphs. With enough measuring geometries, the
xDNA curve for either diffraction grating or OVD becomes a line
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(a) (b)
Figure 5.10: (a) The xDNA curve of OVD1 in the G10 and G26 mea-
surement geometry and (b) in Gn measurement geometry.
with a 54° slope corresponding to aspecular angle of 45°. Thus,
adding more geometries does not result in obtaining a more charac-
teristic xDNA curve, but rather the opposite. G10 measuring geom-
etry seems to provide an xDNA curve that is unique for a specific
sample.
5.2.5 Examples of OVDs
In order to provide more evidence that G10 measurement geometry
gives a unique and characteristic xDNA curve, we show here the
goniospectrometric space curve in G6 measurement geometry for
multiple OVDs along with the polar coordinate sRGB image using
D65 illumination (Figs. 5.11–5.22).
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Figure 5.11: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD5.
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Figure 5.12: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD6.
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Figure 5.13: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD7.
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Figure 5.14: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD8.
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Figure 5.15: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD9.
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Figure 5.16: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD10.
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Figure 5.17: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD11.
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Figure 5.18: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD12.
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Figure 5.19: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD13.
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Figure 5.20: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD14.
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Figure 5.21: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD15.
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Figure 5.22: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the OVD16.
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5.3 GONIOSPECTROMETRIC SPACE CURVE OF COATINGS
WITH SPECIAL EFFECT PIGMENT
Coatings with special effect pigments are the subject of Paper V
and Paper VI. The former introduces and evaluates the numerical
model for calculating the reflectance spectra of such coatings. It
also presents how the reflectance spectra are affected by different
parameters of coatings with special effect pigments: surface cover-
age, mean flake tilt angle, standard deviation around that angle and
the coating’s substrate. Paper VI uses the numerical model to ex-
plore how the mentioned parameters affect the goniospectrometric
space curve using three different types of special effect pigments.
The calculations for all coatings presented here were made for
geometry G6 and using the Stokes vector of the incident light that
of an unpolarized light (see Equation 4.3). The refractive indices
of the coating’s materials were obtained from the literature [46–48]
in the spectral region 440–700 nm with 10 nm steps, because the
published values for refractive index and absorption coefficient are
limited to this region. The base coating parameters were set to
C = 1, θ′0 = 0 and σ′ = 3 (see Equation 4.21), which represents a
coating fully covered by flakes, oriented parallel to the surface with
3° standard deviation of orientation. When and if any of these
parameters deviate from the base values is specifically mentioned.
The comparison of modeled and measured reflectance factor is
done in Paper V, using a coating with interference Iriodin 4504
pigments (see Figure 4 of Paper V), and in Paper VI, using a coat-
ing with metallic (M5) pigments and a coatings with layered (L5)
pigments (see Figures 2 and 10 of Paper VI). The measured and
calculated spectra show an acceptable match; the differences be-
tween the spectra could be a result of substituting optical constants
of mica layer for optical constants of SiO2, insufficient knowledge
about the layers thicknesses, insufficient modeling of the roughness
of the mica flakes or as a result of neglecting the scattering of light
on the edges of flakes in the numerical model.
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Paper VI uses calculated reflectance spectra for three types of
special effect pigments; metal, transparent and layered ones. The
materials and thicknesses of the coatings, needed for calculations,
are compiled in Table 5.1; all coatings are assumed to have an alu-
minum substrate.
Table 5.1: Basic data used for the studied coatings: the materials of flakes
and the corresponding thickness used for calculations. The substrate in all
three cases is aluminum and the binder is taken to be an acrylic pitch with
thickness of 750 µm.
material(s) thickness(es)
metallic (M5) aluminum 2000 nm
transparent TiO2 200 nm
layered (L5)* Fe2O3/SiO2/Fe2O3 60.5/154/60.5 nm
* The flakes are described as layer/core/layer.
Metallic effect pigments act as a mirror; almost all light is re-
flected in the specular direction. Its reflectance is strongly depen-
dent on the detection angle and only slightly on wavelength (see
Figure 2a of Paper VI). Thus, the corresponding xDNA curve is a
line with a very small span over y-axis (Fig. 5.23). Transparent ef-
fect pigments exhibit partial reflection of light on each boundary
between the binder and the pigment with a larger refractive index.
Nonetheless, the reflectance spectra’s dependence on the detection
angle is similar to that of the metallic effect pigments (see Figure 6a
of Paper VI).A helix shaped xDNA curve, much longer than that
for metallic coating, was obtained in the goniospectrometric space
(Fig. 5.23). Layered effect pigments show interference due to a
three-layer system with transparent SiO2 core covered with a thin
Fe2O3 layer on both sides (see Figure 10a of Paper VI). The xDNA
curve of such a coating has a parabolic-like shape (Fig. 5.23).
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Figure 5.23: xDNA curves for metallic, transparent and layered effect
pigments. The calculation parameters for all three cases were C = 1,
θ′0 = 0° and σ′ = 3°. The thickness of transparent pigments was 200 nm
and layered pigments with Fe2O3/SiO2/Fe2O3 structure had thicknesses
of 60.5/154/60.5 nm.
5.3.1 Influence of the mean flake tilt angle
When varying the mean flake tilt angle from -6° to 35° with respect
to the sample surface, every reflected angle has its own reflectance
peak, the position of which is directly related to the specular re-
flected angle. This can be seen both in Figure 8b of Paper V and in
Figure 5b of Paper VI. We have to keep in mind that the refraction
occurs at the binder-air interface, which causes a slightly nonlinear
relation between the flake tilt angle and the reflected angle for the
specular reflection on flakes (see Figure 8a of Paper V).
The goniospectrometric space curve behaves similarly when vary-
ing the mean flake tilt angle for all three special effect pigments
types; it moves across the yz plane and rotates. xDNA curves for
metallic, transparent and layered effect pigments differ from each
other, as shown in Figure 5.23, but stay relatively the same inside
their pigment type with varying θ′0 (see Figures 5a, 8b and 12b of
Paper VI). Figure 5.24 shows the xDNA points corresponding to
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λ = 650 nm for varying θ′0 from -6° to 30° with 1° steps. The
moving of the line is explained by the behavior of the reflectance
spectra. From θ′0 = −6° to θ′0 = −3° the three near-specular angles
increase, which results in a positive move along the z-axis, and no
move in the y direction. Between −3° and 6°, the reflectance at
θr = −60° rapidly diminishes; there is only a slight positive move
in the z direction and a large positive move along the y-axis. From
6° to 19° the reflectance at θr = 0° is very important, which leads
to a negative move of the xDNA curve along the z-axis and a small
positive move in the y direction. Finally, in the region above 19°, the
contribution of reflectance at θr = 30° and θr = 65° prevail, which
causes a positive move along both axes. The rotation of the xDNA
curves is shown only for a few selected θ′0 values for metallic effect
pigments; xDNA curves for other θ′0 and pigment types behave sim-
ilarly. The rotation is in the clockwise direction with an increased
value of θ′0; the effect is a consequence of different y-values obtained
on both ends of the spectrum.
Figure 5.24: Points in xDNA curves for wavelength 650 nm for metallic,
transparent and layered effect pigments, for varying θ′0 from -6° to 30°
with 1° steps. The green lines are full xDNA curves (for all wavelengths)
for metallic effect pigments for θ′0 specified in the graph. Other parameters:
C = 1, σ′ = 3°.
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5.3.2 Influence of the flake orientation uniformity
Changing the uniformity of flake orientation (parameter σ′) means
going from an oriented structure appearing glossy, to a completely
random structure having a matte appearance. The σ′ was changed
from 1° to 40° with 1° step; reflectance spectra for such a variation
is shown in Figure 7 of Paper V. Near specular reflection angles
have a quicker rise at small σ′ and slowly converge to a constant at
larger σ′ values. The reflectance angles that are furthest from the
specular direction, θr = 30° and θr = 65°, do not have such a high
reflectance as the other angles and also start to increase at larger σ′.
This behavior is in accordance with the logistic distribution function
that describes the flake orientation (see Equation 4.11); all reflected
angles become possible when σ′ is large enough.
As in the case of the θ′0 variation, the xDNA curves for metal-
lic, transparent and layered effect pigments behave similarly (see
Figures 4a, 8a and 12a of Paper VI), thus only xDNA points for
wavelength 650 nm are shown in Figure 5.25, along with some full
xDNA curves for metallic effect pigments.
The move of the xDNA curves across the yz plane can be ex-
plained using three regions; (a) 1°< σ′ < 3°, (b) 3°< σ′ < 16°and
(c) σ′ > 16°. In region (a), reflectance angles closest to the spec-
ular direction show large changes (θr ≤ −30°), while other angles
have negligible intensity. This results into a large positive move
along the z-axis, and a small positive move in the y direction. In
contrast, xDNA curves have a large positive move along the y-axis
and smaller negative move in the z direction in region (b). This
is caused by light increasingly reflecting away from the specular
direction (θr >0°); the largest change occurs for θr =65°. In the
third region, (c), the reflectance decreases for all angles except for
θr =65°. This is shown in goniospectrometric space as a negative
move along both the y- and z-axes. Simultaneously with the move
of the xDNA curve, it also rotates through all the three regions; the
effect is analogous as with the variation of θ′0.
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Figure 5.25: Points in xDNA curves for wavelength 650 nm for metallic,
transparent and layered effect pigments, for varying σ′ from 1° to 40°
with 1° steps. The green lines are full xDNA curves (for all wavelengths)
for metallic effect pigments for σ′ specified in the graph. Other parameters:
C = 1, θ′0 = 0°.
Effect of the flake orientation uniformity is also shown with
measurements of two coatings with metal effect pigments, labeled
here as M1 and M2 (Fig. 5.26). The measurements were done using
the bidirectional spectrometer described in Paper III. The polar co-
ordinate sRGB images using D65 illumination of the two coatings
appear similar with the difference of M2 having an overall slightly
lighter sRGB image. This is consistent with the orientation spread
of the pigments; the M1 coating has pigments well-oriented, paral-
lel to the coating surface, giving a glossy appearance with the high-
est intensity in the specular reflection and lower intensity at angles
further away from the specular. In contrast, the M2 coating has
randomly oriented pigments, which leads to a more matte appear-
ance, in which all the reflected angles have roughly equal intensity.
The xDNA curves for the M1 and M2 are shown in Figures 5.26c
and 5.26d. M1 has smaller standard deviation, which leads to the
xDNA curve having a higher z and lower y values than the xDNA
curve for M2. This is in accordance with the theoretical predictions,
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illustrated in Figure 5.25. The contribution of off-plane measured
angles is not large; thus, the xDNA curves have very small x val-
ues. The difference in the shape of the xDNA curves for M1 and M2
are very small and can probably be attributed to different pigment
shapes and sizes.
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Figure 5.26: The sRGB images for (a) M1 and (b) M2 coating with metal
effect pigments, respectively. xDNA curves, obtained using G10 measure-
ment geometry, for both coatings are shown as projections in (c) zy and
(d) zx plane.
5.3.3 Influence of the surface coverage
Surface coverage, denoted as parameter C, can be varied by chang-
ing the volume concentration of special effect pigments or their size.
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Smaller surface coverage results in reflectance spectra being more
affected by the coating’s substrate; at small C values, the reflectance
becomes similar to that of the substrate (see Figures 5, 9 and 10
of Paper V). For metallic, transparent and layered effect pigments,
the goniospectrometric space curve moves towards larger y and z
values when C is decreased. Simultaneously, it also rotates which
is the same effect as observed for variations of θ′0 and σ′. xDNA
curves shorten and slowly transform into a line, characteristic for
aluminum or white paper, depending on what the coating substrate
is (see Figures 3b, 7 and 11 of Paper VI).
With decreasing C, the substrate plays an increasingly impor-
tant role; the xDNA curve at C = 0 depends only on the coating
substrate, since there are no more special effect pigments present
in the coating. Thus, the choice of substrate is very relevant; this is
shown in Figures 5.27 and 5.28, where a coating with layered effect
pigments is applied to different color paper (white, black, magenta,
cyan and yellow). The reflectance spectra of the substrates can be
found in Figure 10 of Paper V.
(a) (b)
Figure 5.27: xDNA curve for varying C from 1 to 0 with steps of 0.1
for coating with layered effect pigments applied on (a) white and (b) black
paper. The reader should pay attention to different y scale of the two
graphs (horizontal axis). The other calculation parameters are: θ′0 = 0°
and σ′ = 3°.
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Figure 5.28: (a) xDNA curve for varying C from 1 to 0 with steps of 0.1
for coating with layered effect pigments applied on cyan, (b) magenta and
(c) yellow paper.
5.3.4 Influence of flake’s thickness
Changing the thickness of metallic effect pigments does not affect
the goniospectrometric space curve, since the flakes reflect all inci-
dent light. However, the thickness has a great influence on coatings
with transparent and layered effect pigments. The thickness for the
former was changed in range from 20 to 500 nm; the change in re-
flectance spectra can be seen in Figure 9 of Paper VI. At smaller
thicknesses, the spectra are more or less flat, showing no interfer-
ence effect. When the thickness increases, the reflectance spectra de-
velop an interference structure. Correspondingly, the xDNA curves
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change from a line at small thickness, to a helix-shaped xDNA
curves, that have the number of loops equal to the number of inter-
ference peaks in spectra (Fig. 5.29).
Figure 5.29: xDNA curves of coatings with transparent effect pigments
with varying thicknesses from 20 to 500 nm, as denoted in the legend in
nm. Other calculation parameters are C = 1, θ′0 = 0°, σ′ = 3°.
Coatings with layered effect pigments have two options for vary-
ing the thickness; changing the thickness of the Fe2O3 layer at con-
stant thickness of the transparent SiO2 core and vice versa (Fig.
5.30). We again see the change from almost a line for a very small
thickness, where there is no interference, to a loop-shaped xDNA
curve for larger thicknesses, analogous as for coating with trans-
parent effect pigments (see also Figures 13 and 14 of Paper VI). All
examples of changing the pigment’s thickness are in accordance
with the previously shown interference layers (Figs. 5.2 and 5.3).
5.3.5 Comparison of colorimetricaly same coatings
Three colorimetricaly same coatings with metal effect pigments, de-
noted here as M3, M4 and M5, are compared in Figure 5.31. They
were obtained from three different manufacturers but prepared for
the same color shade. sRGB images of the three coatings (Figs.
5.31a–5.31c) are indeed very similar and can hardly be differenti-
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(a) (b)
Figure 5.30: (a) xDNA curves of coatings with layered effect pigments
with varying thickness of the Fe2O3 layer on the 154 nm thick SiO2 core
and (b) having different thicknesses of the SiO2 core and a 60.5 nm thick
Fe2O3 layer. The thicknesses are denoted in legends in nm. The other
calculation parameters are C = 1, θ′0 = 0°, σ′ = 3°.
ated. However, if we observe the xDNA curves of M3–M5, the
difference is clearly seen; M3 and M4 have pigments with similar
size and shape, with rough edges, which results in a similar posi-
tion of the xDNA curve. Coating M5, however, has pigments with
different sizes and shapes with smooth edges (compared to those
in M3 and M4); thus, the xDNA curve position is at larger x, y and
z values.
When we compare the xDNA curves of M3–M5 with the xDNA
curves obtained using numerical model, we can assume that all
three coatings have the same surface coverage (parameter C); the
change in the xDNA curve position can be attributed to different
mean flake tilt angle values, θ′0 (compare Figs. 5.31d and 5.24).
The xDNA curves of the three coatings, M3–M5, should also be
compared with coatings M1 and M2 (Figs. 5.26c and 5.26d), since
all the coatings have the same type of pigments. Indeed, all the
xDNA curves are almost line-shaped, with very small spans in x
direction.
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Figure 5.31: The sRGB images and SEM images for (a), (d) M3, (b),
(e) M4, and (c), (f) M5 coating with metal effect pigments, respectively.
xDNA curves, obtained using G10 measurement geometry, for all three
coatings are shown as projections in (g) zy and (h) zx plane.
5.3.6 Coatings with cover layer
Figures 5.32–5.36 show the xDNA curves of L-set coatings with and
without the cover layers, along with sRGB images. The reader can
observe different shapes of the xDNA curves for different types
of layered effect pigments. What all graphs exhibit, is the transla-
tion towards smaller z values of the xDNA curves for coatings with
cover layers. This can be explained by the smaller reflectance val-
ues in the angles near specular reflection. The same effect can also
be seen on the sRGB images; the coatings with cover layers have a
smaller light spread around the specular reflection at θr = 45° and
φr = 0°. All coatings also have the sRGB images symmetric along
the φr = 0/180°; this results in the x coordinate of xDNA graphs to
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be practically zero.
Coatings with cover layers present a challenge for optical de-
vices that are currently used for measurements; optical microscope,
integrating sphere and scanning electron microscope (SEM). Be-
cause of the additional layer, the pigments are situated too far be-
low the surface of the coating, making measurements taken with
optical microscopes unusable. In contrast, diffuse reflectance mea-
surements with integrating sphere can measure coatings with a
cover layer but only with increased measurement errors. Diffuse
reflectance measurements measures all the reflected light from the
sample with an integrating sphere that usually has a small opening
area. Thus, a part of the reflected light misses the opening because
the cover layer scatters the light reflected at large angles away from
it. The thicker cover layer and smaller opening area result in larger
measuring errors; this is the so-called aperture error, taking place at
rough and optically complex samples. SEM measurements require
the etching of the coating’s surface prior to the measuring. This is
problematic for all coatings, regardless of the cover layer, since the
sample is destroyed during the measurement process. Furthermore,
coatings with a cover layer require significantly longer etching times
in order to reach the area of the coating with pigments. For this rea-
sons, a highly selective etching procedure has to be selected, such
as weakly ionized oxygen plasma [42]. Goniospectrometric space,
presented in this study, is not only capable of measuring coatings
with cover layers but is also able to distinguish between the coatings
with and without the cover layers.
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Figure 5.32: The sRGB image of (a) L1 without cover layer and (b) L1
with cover layer. (c) xDNA curves for L1 with and without the cover layer,
using the G10 measurement geometry.
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Figure 5.33: The sRGB image of (a) L2 without cover layer and (b) L2
with cover layer. (c) xDNA curves for L2 with and without the cover layer,
using the G10 measurement geometry.
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Figure 5.34: The sRGB image of (a) L3 without cover layer and (b) L3
with cover layer. (c) xDNA curves for L3 with and without the cover layer,
using the G10 measurement geometry.
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Figure 5.35: The sRGB image of (a) L4 without cover layer and (b) L4
with cover layer. (c) xDNA curves for L4 with and without the cover layer,
using the G10 measurement geometry.
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Figure 5.36: The sRGB image of (a) L5 without cover layer and (b) L5
with cover layer. (c) xDNA curves for L5 with and without the cover layer,
using the G10 measurement geometry.
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5.3.7 More examples of coatings with special effect pigments
Figures 5.37–5.52 show xDNA curves for T-set coatings along with
sRGB images under D65 illumination. Even though the special ef-
fect pigments used in these coatings have very similar specifica-
tions, they are clearly identifiable using xDNA curves.
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Figure 5.37: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T1.
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Figure 5.38: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T2.
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Figure 5.39: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T3.
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Figure 5.40: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T4.
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Figure 5.41: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T5.
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Figure 5.42: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T6.
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Figure 5.43: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T7.
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Figure 5.44: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T8.
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Figure 5.45: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T9.
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Figure 5.46: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T10.
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Figure 5.47: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T11.
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Figure 5.48: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T12.
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Figure 5.49: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T13.
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Figure 5.50: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T14.
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Figure 5.51: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T15.
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Figure 5.52: (a) The sRGB image and (b) xDNA graph in G10 measure-
ment geometry of the T16.
The type and thickness of the applied flakes in a coating define
the characteristic shape of the xDNA curve. Moreover, the xDNA
curve’s location, length and orientation depends on the coating pa-
rameters: surface coverage of flakes, their orientation and orienta-
tion distribution, and also the type of coating substrate. The G10
geometry was shown to be sufficient to distinguish angular depen-
dent optical properties of different coating. For coatings with flakes
oriented mostly parallel to the surface, even G6 geometry could be
used. This is a result of a smooth angular distribution of the re-
flectance spectra.
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6 Discussion, conclusions
and future work
6.1 DISSCUSSION
This study analyzed optically complex samples using goniospectro-
metric measurements and numerical modeling of their reflectance.
Under-sampled BRDF, measured and modeled, was transformed
into an sRGB image and goniospectrometric space. One of the ques-
tions of the thesis was whether the goniospectrometric space curve
can be regarded as an appearance fingerprint of optically complex
samples.
The goniospectrometric space curve of optically known sam-
ples was analyzed first (Paper I); reflectance spectra using measure-
ment geometry G19 with two illumination angles were transformed
to xDNA curves of various bulk samples and sub-micron layers.
Polished silicon wafer and black cardboard both have their xDNA
curves restricted almost to a point, but are located at very different
coordinates in the goniospectrometric space. An unpolished silicon
surface has a line-shaped curve that spreads in three dimensions
when the contribution of off-plane reflections becomes larger. Sim-
ilarly, the glossy and matte sides of the paper also transform into
a line-shaped xDNA curve. However, the length of the xDNA line
gets longer for the glossy surface of paper, while the dependence is
the opposite for unpolished silicon wafers. xDNA curves also reveal
the difference between surface and volume reflection, characteristic
for silicon wafer and paper, respectively.
Interference layers were analyzed using thin layers of silicon ni-
tride and submicron varnish layers on a paper substrate. In both
cases, the xDNA curves were ellipsoidal loops, with the number
of loops corresponding to the number of interference fringes in re-
flectance spectra. The goniospectrometric space curves of varnish
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layers were also influenced by the substrate; the xDNA curve of a
layer on white paper has a line characteristic for white paper, and a
loop, characteristic for the interference layer.
Pigmented coatings that act by absorption and scattering also
have line-shaped xDNA curves. The spectral features giving rise to
color do not produce a loop characteristic for interference fringes,
but an almost flat curl parallel to the rest of the line. The length
of the individual xDNA curve increases with layer thickness, which
shows increased surface gloss. The difference in layer thickness was
observed as a displacement between individual xDNA curves.
Paper II and Paper IV analyzed the calculated BRDF of diffrac-
tion gratings having parallel sinusoidal grooves with periods be-
tween 0.35 and 5 µm and amplitudes below 0.2 µm, using G6 geom-
etry. The goniospectrometric space curves of these diffraction grat-
ings, transformed from calculated BRDF, consist of straight lines
and possible interconnections. The lines are a result of spectrally
isolated diffractions and interconnections arise when some of the
diffractions partially overlap. The slope of the xDNA lines depends
on the aspecular angle, which could enable detecting the grating
period of the unknown diffraction grating.
Both Paper II and Paper IV analyzed the spectral and angular
resolution needed in order for the goniospectrometric space curve
to provide a unique appearance fingerprint of the sample; the for-
mer using only diffraction gratings, and the latter also using op-
tically variable devices (OVDs). Paper II deals with the resolu-
tion question theoretically, while Paper IV uses goniospectromet-
ric measurements obtained with a bidirectional spectrometer de-
scribed in Paper III. Both papers show that the 10 nm wavelength
step is sufficiently large enough to measure all diffractions. The
angular resolution was tested by adding more measuring geome-
tries; this resulted in the detection of more diffractions and, conse-
quently, more interconnections in the xDNA curves. Hence, more
geometries do not produce a better fingerprint but rather blur the
simplified characteristic image. The G10 measurement geometry is
regarded as being optimal for a unique appearance fingerprint of a
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sample. Since diffraction gratings and OVDs contain the strongest
spectral and angular effects, the mentioned resolutions apply also
for other samples as well (coatings with special effect pigments).
Paper V presented a numerical model for coatings with spe-
cial effect pigments, and it analyzed how the reflectance spectra
changed with different coating parameters, using measurement ge-
ometry G6. The obtained results were then used in Paper VI, where
coatings with three types of flakes were analyzed, applying metal-
lic, transparent and layered effect pigments. Goniospectrometric
space curves for these three types of coatings are a line, a closed
loop and parabolic shapes, respectively. The location, length and
orientation of the xDNA curve for coating with special effect pig-
ments depends on the other parameters of the coating: the surface
area covered by flakes, their orientation and uniformity of orienta-
tion.
The results of this study prove the xDNA evaluation procedures,
according to which it is stated that each coating is described by a
specific xDNA curve and they can be compared accordingly. Trans-
lations, alignment and scaling of the curves are applied in these
procedures, which is attributed to variations of the coating thick-
ness, different drying conditions (which influences the orientation
of flakes) and the particle size distribution of flakes inside coatings,
respectively. Indeed, the changes in coating parameters resulted
in translation, alignment (rotation) and scaling (changing size) of
the xDNA curve. The changes also included the differences in the
coating recipe (different pigment types and different pigment thick-
nesses). Thus, the goniospectrometric space curve contains all fea-
tures of the angular dependent optical properties of coatings with
special effect pigments.
Paper III introduced another way of presenting the BRDF; an
sRGB image using D65 illumination. It included reflectance spectra
for angular steps over all azimuthal angles at polar angles up to 60°
with a 2° angular steps for both directions.
The sRGB images of coatings with special effect pigments have
a smooth angular dependence, showing both specular and diffuse
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reflection, and are symmetric across the azimuthal line 0°/180°.
Diffraction gratings also show specular and diffuse reflections, but
have much more complex sRGB presentations. Measurements were
done with grating’s grooves perpendicular to the plane of incident;
diffraction orders form the central line in the sRGB image show-
ing a full spectrum of colors. Reflective and semitransparent grat-
ings show equal diffraction orders while the background of semi-
transparent overlays can be observed in regions of the sRGB image
where no diffraction occurs. The effects of all included optical fea-
tures of OVDs are shown in their sRGB images; diffractions across
the central line are the most frequently observed in sRGB images
of OVDs. In contrast with sRGB images of diffraction gratings, the
sRGB images of OVDs often have smudges in the central line, in-
dicating several different grating periods. OVDs that have optical
features with higher complexity show more complex effects in the
sRGB images.
The sRGB images of coatings with special effect pigments are a
good visual aid, but are generally not the optimum presentation of
the samples. In contrast, the sRGB images of diffraction gratings
and OVDs present the corresponding optical properties in suffi-
cient details. However, the bidirectional reflection measurements
over the entire hemisphere needed for the sRGB image, are long-
lasting. For practical purposes, shorter measuring times and the
usage of portable equipment is required. The goniospectrometric
space curve, obtained using only G10 measurement geometry, can
be considered to be a quick and effective solution to presenting the
appearance of a sample. This was proven since all the samples in
this study could be distinguished with the xDNA curve. Therefore,
the goniospectrometric space curve using measurement geometry
G10 can be regarded as a basic appearance fingerprint of optically
complex samples.
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6.2 CONCLUSIONS
This study provided theoretical analysis of diffraction gratings and
simple OVDs using diffraction theory. It continued with an ex-
tended numerical model for coatings with special effect pigments.
The three types of samples (diffraction gratings, OVDs, and coat-
ings with special effect pigments) required BRDF measurements;
for this purpose a bidirectional spectrometer was built and evalu-
ated. The challenge of presenting the measured BRDF was over-
come by using a polar coordinate sRGB image (D65 illumination).
BRDF measurements and calculations were also transformed into a
goniospectrometric space. Obtained xDNA curve was analyzed for
all three types of samples. It was found that the optically complex
samples can be observed and verified using the spatially undersam-
pled BRDF presented by the xDNA curve. The study also showed
that even the smaller number of geometries, G10, with a 10 nm
wavelength step, can produce distinguishable xDNA curves. Con-
trary, large number of measurement geometries reduces the identi-
fying properties.
The spectral and spatial resolution required to obtain a rep-
resentative optical fingerprint (xDNA curve) can be achieved by
handheld spectrometers. This is especially important for diffrac-
tion gratings and OVDs; the method could be used as an identifi-
cation step while checking for counterfeits, without damaging the
sample. The angular resolution can also be achieved by some hand-
held multi-angle spectrometers. This means that there is no need
for additional measurement geometries; 6 in-plane and 4 off-plane
angles suffice. Nevertheless, when introducing new samples (new
type of flakes in coatings with special effect pigments, or new de-
sign of OVDs), it would be useful to measure the sample once with
a bidirectional spectrometer in order to obtain the full BRDF data.
By doing so, one could confirm that no important optical character-
istics are missed when using G10 measurement geometry.
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6.3 FUTURE WORK
Two general ways of extending this research could be mentioned,
one considering the measurements and another the interesting go-
nioapparent samples.
Measurements were restricted in this work to 45° incidence an-
gle, which was used in the bidirectional spectrometer and in the
handheld multi-angle spectrometer. However, the former has the
possibility to adjust the incident angle between 0° and 60° and the
later has the possibility of applying also the near-normal incidence,
15°. Furthermore, if some more sophisticated spectrometer would
be available, even more measuring geometries would be provided.
Such a possibility is the Zeiss GK/311M spectrometer which pro-
vides illumination and detection angle with step size of 5°, giving
about 220 measuring geometries. These possibilities were not taken
into account here or were not available. It was regarded that ma-
jority of important properties are obtained by taking into account
the most common incident angle, 45°. However, there are several
attempts to analyze other illumination possibilities, among them a
near-normal one (< 20°) and as large as possible (60° would be
enabled by the bidirectional spectrometer).
Another idea would be the application of broader spectral range
for BRDF measurements, outside of visible range. It is worth point-
ing out that some security features apply also the near infrared
region to increase protection against forgery. Another need for the
near infrared region seem to be solar applications; the sunlight’s
spectral region spreads from about 300 nm up to 2500 nm where
only 43% is the visible light. Here, the visual effects are not very
important but the interaction of a surface with the incident flux
play the central role. Most research on this area made from the
optics/radiometry is missing and would be welcome. It could be
considered as a continuation of this study.
The coatings available for this study did not contain more com-
plex flakes such as diffractive or liquid crystal-based pigments.
Such pigments are known from the literature [35,38]. In these exam-
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ples, layered flakes are applied, where one of the layer is diffraction
grating or polymer with chiral cholesteric liquid crystal structure,
respectively. However, during this study, no such sample was avail-
able. If such samples would be considered, the numerical model
should be extended to enable diffraction effects and selective re-
flection according to the pitch of the liquid crystal structure. Fur-
thermore, the temperature dependent effects should be taken into
account for coatings with liquid crystal-based flakes.
Considering samples of coatings with special effect pigments,
we should also mention the flakes orientation. We did not have
the means of producing the coatings by ourselves; samples were
taken from color card of effect pigments (Merck), provided by He-
lios (Slovenia) or by Tikkurila (Finland). Limited data were avail-
able for these samples, some of them were analyzed by chemical
analytical methods to get the necessary data needed for numerical
model. Main problem of the coatings samples, was the fact that all
of them have flakes oriented parallel to the coating surface, except
one (M2) that was prepared with more randomly oriented metal-
lic flakes. Although coatings with other tilt angles are rare, some
technological processes enable orientation of the flakes at other an-
gles with reasonably narrow distribution. Moreover, the diffrac-
tion pigments could also be oriented according to the grooves [49].
Such samples are now an exception, but might become important in
the future. Therefore, any research for the optical characterization
would be welcome.
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A Photographs of optically
variable devices
This appendix contains the photographs of the optically variable
devices (OVDs) used in this study, along with their description.
Figure A.1: Photograph of (left) OVD1 and (right) OVD2.
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Figure A.2: Photograph of OVD3 with labeled security features, taken
from [30] (Figure A.1)
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Figure A.3: Photograph of OVD4, taken from [30] (Figure A.14). It
is a see-through diffractive interferential optically variable image struc-
ture, laminated over the portrait of an identification card. There is a
color-shifting effect from transparent to green. The OVD4 was also pho-
tographed with the Handy Viewer that has left-handed and right-handed
circular polarizers in the left and right openings, respectively. The sample
is fully transparent through the left opening, while diffractive and inter-
ference effects are seen through the right opening.
Figure A.4: Photograph of OVD5 under two different viewing angles.
It is an Exelgram taken from [30] (Figure A.2) made with electron beam
lithography. Features found here are small lettering, logos, linear and
translational traffic light effects, moving kinematic microtext and so-called
two-channel effects.
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Figure A.5: Photograph of OVD6 under three different viewing angles.
It is a Vectorgram taken from [30] (Figure A.3) made with electron beam
lithography. It consists of an array of pixels in which each pixel contains
two or more subpixels with different optical effects.
Figure A.6: Photograph of OVD7 under two different viewing angles. It
is a Kinegram security device taken from [30] (Figure A.4). It consists of
effects such as diffractive watermark, dynamic transformations, asymmet-
ric morphing, dynamic achromatic and nanotext.
Figure A.7: Photograph of OVD8 under three different viewing angles.
It is a Kinegram Secure Memory Card taken from [30] (Figure A.5). It
allows straightforward first-line visual authentication.
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Figure A.8: Photograph of OVD9 under two different viewing angles.
It is a Varimatrix hologram taken from [30] (Figure A.7). Optical effects
include multiresolution SecureText, microtext and 3D background.
Figure A.9: Photograph of OVD10 under two different viewing angles. It
is a HiMax OVD taken from [30] (Figure A.8) that consists of diffraction
gratings with a width of 200 nm, ”nanotext” and ”nanologos”.
Figure A.10: Photograph of OVD11 under two different viewing angles.
It is a BrandMax OVD taken from [30] (Figure A.9) that consists of mul-
tiple optical effects, including 3D images.
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Figure A.11: Photograph of OVD12 under three different viewing angles.
It is a Chromagram from [30] (Figure A.15.I); the embossed diffractive
surface is coated with an interference filter and pressed onto paper. The
combination gives it a glossy metallic appearance.
Figure A.12: Photograph of OVD13 under three different viewing angles.
It is a Chromagram taken from [30] (Figure A.15.II). The paper is coated
with Optically Variable Adhesive (OVA), which gives it a matte metallic
appearance.
Figure A.13: Photograph of (left) OVD14 and (right) OVD15. Both are
embossed transmissive hologram foils.
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Figure A.14: Photograph of OVD16, an embossed reflective hologram
foil, under two different viewing angles.
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ERRATA
• p. 39
Equation 4.27(c) should read µz = cosϕas
• The Equation 4.27(c) was used as it is printed in the thesis for the calculations of
the xDNA curves for some of the examples in the section 5, therefore the following
visuals are not entirely correct (the z axis is wrong):
Subsection 5.2: Figures 5.5–5.10, sub-figures (b) of Figures 5.11–5.22
Subsection 5.3: Figures 5.23–5.25, 5.26 (c) and (d), 5.27–30, 5.31 (d) and (e), sub-
figures (c) of Figures 5.32–5.36, and sub-figures (b) of Figures 5.37–5.52.
Shown below are a few corrected figures. One can see, that the effect of the error is
relatively small and that the conclusions derived from the figures still stand.
• p. 52, Figure 5.8
The legend in both sub-figures should be corrected. It should read ”black line–3,
red line–2 and green line–1.
• p. 53, Figure 5.10
The mark in the sub-figure (a) for the black xDNA curve should read G10, instead
of G6.
• p. 4, second paragraph, second sentence
There is an extra ”in most cases” in the sentence. It should be ”In most cases, the
data are represented as a matrix ...”.
• List of publications
Paper VI has been accepted for publishing since the printing of the thesis began.
• The already accepted and published Papers II and VI will receive an errata to correct
for the mistakes made because of the Equation 4.27(c), and the still submitted Paper
IV will be corrected before publishing.
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